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Abstract 

We investigate basic consequences of the assumption that the mass scale of the perturbative 
sector responsible for the spontaneous symmetry breaking is generated dynamically in a theory 
with a large UV scale. It is assumed that in addition to an elementary scalar there exists an 
additional scalar, a modulus, which controls the dynamical hierarchy of scales in the manner 
pH \ similar to that of supersymmetric gaugino condensation. It is shown that a light degree of 

freedom appears that couples to the gauge bosons and to charged fermions in a specific way 
which is different from the couplings of the dilaton of the exact scale invariance. 

1 Introduction 

Dimensional transmutation in non-abelian gauge sectors is a natural source of mass scales hierarchi- 
cally smaller than the Planck scale. Such scales can provide relatively small dimensionful coefficients 
in effective Lagrangians describing extensions of the Standard Modelal at low energies in the pres- 
ence of a large UV mass scale. This idea has been used in supersymmetric theories, where hidden 
sector gaugino condensation sets the scale of the mass splittings in supersymmetry multiplets. The 
gaugino condensate by itself doesn't break supersymmetry, but it provides a potential for matter 
supernelds, which makes their F-terms non- vanishing, see [lj,[2]. The well known example of the dy- 
namical condensation of chiral fermions is the technicolour, where chiral condensate provides masses 
of the weak gauge bosons without the need for additional elementary scalar fields. 

In this note we allow for the existence of elementary scalar fields but follow the idea that mass 
scales in low energy Lagrangian are generated dynamically. This means that the bosonic part of 
the Higgs sector of the perturbative Lagrangian is classically scale invariant (see for instance [3]), 
and that scale invariance is broken via fermion and gluon condensates, as well as due to anomalous 
contributions. 
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2 Fermionic and gluonic condensates 



For the sake of concretness let's start the discussion with an SU(N) model with quarks in vectorlike 
pairs. In technicolour models [HE], [6] one lets some of the techniquarks ip to be electroweak doublets 
in addition to being N-tuplets of SU(N). In this case the condensates break directly the electroweak 
symmetry. We shall consider in what follows a possibility that techniquarks are electroweak singlets 
and do not participate directly in the breaking of the SU(2)w- There are in principle two types of 
condensates which may form: chiral condensates tpi^R which break spontaneously chiral symmetries 
and the scale symmetry, and gluon condensates < F 2 > which also break the scale symmetry 
spontaneously. In addition, scale symmetry is broken explicitly due to anomaly. Approximately, 
the condensate < F 2 > forms when C2(FF)a(Q 2 = A'j-,) = 1 and the chiral condensate forms when 
C < 2(V'V') a (Q 2 = A^) = 1, where C2 is a quadratic Casimir in respective channels. Obviously, it is 
natural to expect > A x since C2 for adjoint representation is larger than for the fundamental 
one. More specifically 

An 2n(N-l) 

— rv; e bc{A D )N (2 1) 

A x 

That is the scale symmetry spontaneous breaking is dominated by the gluon condensate. If the scale 
Ad is high enough, the coefficient of the anomaly j3{a) / a{Ao) is small and the explicit anomalous 
breaking of the scale symmetry is small wrt spontaneous one. Therefore one expects a scalar pseudo- 
goldstone boson to appear in the spectrum, which one usualy calls a (techni-) dilaton. Deatails are 
model dependent. The useful parametrization of the technidilaton is via the field U = F^e^^ 
where eft is the dilaton which transforms as 4>(x) — > 4>(a x) + i ? ulog(o") under the scale symmetry, 
which means that U behaves as a field of canonical dimension 1. The kinetic term for the dilaton 
can be written as 1/2 (dU) 2 . One can write down an effective potential for the dilaton below the 
gluon condensation scale, see j7],[8],[9| : 

V an = -^rU A {\og(U/F D f - 1) , (2.2) 

This potential has a minimum at < U >= Fjj and the mass of U is m 2 . This potential is sufficient 
to describe the effect of the quantum scale anomaly, and in general is suffcient if the dimension 
d* = d + 7 of operators violating scale invariance fulfills the condition \d* — 4| <C 1. If there are 
two condensing non-abelian gauge groups, let's label them 1 and 2 respectively, then below the 
smaller of the two gluon condenation scales there exists a single dilaton, which shifts under the scale 
symmetry: 

Fo 

4> = cos(0)<£i + sin(0)<£ 2 , and tan(0) = -f . (2.3) 

F\ 

The dilaton decay constant equals F = cos(0) 2 . If one assumes that the effective potential 

is dominated by the sum of the terms of the form (|2,2p . both the dilaton and the orthogonal 
combination of <j)\ and 4>2 are stabilized due to the anomaly induced effective potential. 
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2.1 A simple model 

Now we would like to write down a simple Higgs sector where the mass scale is dynamical. Let 

CM) = ±Wh 2 - ~h\ (2.4) 

where M is a UV mass scale, corresponding to a mass of heavy states that have been integrated out 
(it could be as high as the Planck scale). The usual flavour problem known from technicolour models 
puts lower limit on the scale M. Fermions ifj are SM singlets, so there are no gauge bosons which 
couple to both visible and hidden fermions. However, a heavy scalar of mass M could couple to 
both sectors and induce flavour changing four-fermion operators. To suppress such effects without 
introducing flavour symmetries one needs to take M > 5TeV, see [ID], [IT]. In fact, since there is 
an elementary scalar to form standard Yukawa couplings in the model, one can raise the scale M 
even up to to the Planck scale. For the purpose of this note we shall suppress possible gravitational 
effects. Actually, we are interested in a possibility of maintaining a large hierarchy between the 
electroweak scale and a high UV scale M. 

The perturbative scalar potential is obviously scale invariant, although the scale invariance is 
broken by the coupling of the scalar h to (techni-) fermions. Below the chiral condensation scale 
one obtains the effective potential for h 

^) = -A*(^) 1+ V + ^ (2.5) 

where 7 is an anomalous dimension of the operator O = ipip. Let's assume that the fundamental 
theory above condensation scale is scale invariant. Therefore one can make the Higgs Lagrangian 
scale invariant multiplying the effective mass term by a suitable power of U 

V(h) = -Al (^) e -(^W^ + \h\ (2.6) 

plus a scale invariant kinetic term for <f>. The effective Lagrangian which includes couplings of the 
Higgs to the longitudinal parts of the gauge bosons looks as follows 

C = ^D^D^e^' FD h 2 + ^(8U) 2 - V(h, <f>) - V an (<f>). (2.7) 

Minimizing with respect to h one obtains 

2A 2 /A \ 1+7 

<^> = f^^j e-Ci-HWfb, (2.8) 

and, upon substitution the above expression into the couplings of the Higgs to gauge bosons, one 
finds the coupling of the dilaton to the SM gauge bosons: 

C = - A D^D^v 2 Ul - i)XJjF D + i( 7 - lhU 2 /F 2 + , (2.9) 
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9 2A 

where it = AM x i +7 and U = U — F^. One should note that this expression differs from the one 
usually quoted for the dilaton v 2 (2U /Fd + U 2 /F^), which holds also for the coupling of the SM 
Higgs field to the gauge bosons, even in the case of negligible 7. Now the couplings to fermions 
arise via the anomalous coupling to the trace of the energy-momentum tensor, bLjj = U /F^Ttf, 
which includes further coupling to the standard model particles. Properties of particles with such 
couplings have been studied in the light of available data in the papers [i~2].|13].[T4]. 



3 Models with a modulus 

However, it is reasonable to consider more complicated situations, beyond the simplest model de- 
scribed above. In string inspired models there exist scalar moduli fields, which are flat directions of 
the scalar potential and whose expectation values set the magnitude of various couplings, including 
the gauge couplings. Let us assume the following scalar field dependence of the gauge kinetic term 

£ kin = ±(A l + ^)F 2 , (3.1) 

where i labels factors in the gauge group. In principle one should write Si - there could be an inde- 
pendent dilaton/modulus for each factor. For the dilaton, these couplings would arise as anomalous 
couplings to the gauge bosons. In what follows we assume that there is a single modulus entering 
each gauge coupling. The definition above corresponds to the normalization < s >= g i^ uv ^ ■ With 
this choice the dynamical gauge coupling the 1-loop RGE invariant condensations scale in a strongly 
interacting gauge sector becomes 

ki-ioo P = ^uve~ s/b , (3.2) 

where the threshold correction A has been swallowed by the redefinition of Ajjv- This means that 
the UV cutoff scale could be slightly different for different condensing gauge groups. In what follows 
we shall identify the UV cut-off with M - the mass of heavy particles integrated out to produce 
operators h 2 ip 2 , (ip 2 ) p , hence A.jjy = M. The expectation value of s has the interpretation of the 
initial condition for the running at the UV scale M, which we shall try to select dynamically with 
the help of the low energy effective Lagrangian. Alternatively, one could trade the variable s for one 
of the dynamical scales, say A = Ai. In this case one can express the condensation scales of all the 
groups via the scale A as follows: 

A = M J , (3.3) 

where i labels the gauge factors. Hence, variation of the effective potential with respect to s is 
equivalen to the variation with respect to the dynamical scale A. Still another point of view comes 
from the fact that 

i^ + 8^ F H< A - + ^(£K (3 - 4) 

This means that stability with respect to variations of s corresponds to stability with respect to 
variations of the UV cut-off scale M. 
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Assuming the relevant condensates are of the form F 2 and Upi^) p the most general effective 
potential one expects below all condensaton scales takes the forno 



/ A \ 1+7 \ /A-\ 7i °° / A A 3 P+7i,p- 4 

m .)_- A'(A) *» + ^ + E«,Ai(|) +( _E j «^1(#) • (3.5) 



with e x denoting real numbers of order 1 and of various signs, and 7s being anomalous dimensions 
of respective operators. In general, one expects only smallest powers of the scales to contribute to 
vacuum stabilization. Moreover, the smallest possible number of independent condensing sectors 
should be emlpoyed. It is rather obvious, that one cannot achieve much with a single condensing 
sector: one would need a cancellation between terms of different order in A, which under assumption 
of order 1 coefficients would imply M ~ A, hence no small parameter and no hierarchy of scales 
in the model. Therefore, we shall restrict ourselves to 2 independent condensates. In fact, as will 
become clear soon, interesting solutions are determined by pairs of condensing sectors with very 
close condensation scales, hence the restriction to two condensates is not very restrictive. To start 
the discussion on a familiar ground, let's start with the simple super symmetric case. 

4 Low energy supersymmetric Higgs sector with a dynamical scale 

Let us have a look at a supersymmetric extension of the Higgs sector. One knows, that the mass 
term mixing the up- and down- type Higgs superfields is allowed and its magnitude should be of the 
order of the electroweak scale. Let's assume that that the //-term is generated dynamically. The 
simplest superpotential that can achieve the goal is 

W = -MV 1 ^ +MV^ + Me~~ s ^ n H 1 H 2 . (4.1) 

Again, let's assume for simplicity the canonical kinetic term for the modulus s. It is well know 
that a noncanonical kinetic term would introduce additional problems, but let us concentrate on the 
hierarchy generation itself. We are going to assume that the sole role of the condensate is to create 
a hierachically small mass scale and assume that soft terms are generated in a different sector of 
the model. The scalar potential in the Higgs sector for the neutral components of the fields looks 
as follows: 

2 

V h = M 2 L\(h\ + h 2 2 ) + 9 ((/ii/i 2 - M 2 )L 3 1 /b 1 +M 2 BL 3 2 /b 2 ) 2 + m 2 1 h 2 1 +m 2 2 h 2 2 + bh 1 h 2 + ^- [h\ - h 2 2 ) 2 , 

(4.2) 

s 

where L\ = e b i M . The above includes soft terms, m 2 , m 2 , b, but it is assumed that these soft 
terms are s independent, since the dynamics of supersymmetry breaking doesn't have to depend 
on s. However, the g 2 can be proportional to 1/s. Then the D-term tends to drive the modulus 
towards infinity, unless the dynamical scale n = ML\ turns out larger than < D > . In what follows 
we shall assume that is the case. In this regime the scalar potential has a local minimum at 

Mb x b 2 fb l B\ , A , 

<s>=— ^log -M- (4.3) 



x For simplicity we shall omit the label \ on 
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To obtain a large hierarchy with respect to M one needs to generate a large value of s, which can 
be naturally achieved via a discrete choice of the beta function coefficients 6j, while keeping other 
coefficients of order one. The light eigenvalue of the mass matrix turns out to be mostly along the 
direction of s: 

* = 162M 2 %=J^L? = (4.4) 



m 1 " m 



Thus it is suppressed wrt to the tree-level Higgs mass parameter \i but not by additional powers 
of L but by a small combination of 6s. It is obvious that to achieve a large value of s one needs 
to take 6i ~ &2j which makes the combination ^uffi naturally small, however the suppression is 
rather power-like than exponential. The point is that in the limit b\ = 62 the superpotential has a 
symmetry s — > s+5 which holds up to the overall rescaling of the Lagrangian (hence it is a symmetry 
of equations of motion) . In that limit the lightest eigenvalue is exactly zero, but of course one never 
actually takes this limit and the shift symmetry is broken. However, the scaling symmetry under 
which the Higgs fields scale is broken badly by the purely nonperturbatibe terms. As a byproduct 
one also obtains a superpotential correction to the Higgs' quartic couplings SV^ = QL\h\h\ which is 
subleading wrt g\. Thus below the scale of the electroweak breaking one finds othe usual structure 
known from the minimal supersymmetric extensions of the Standard Model plus a light scalar which 
couples to Z via 

This scalar can also couple to photons if the gauge kinetic terms contain the linear coupling to s. 



5 Nonsupersymmetric models with dynamical scales 

Let us simplify the general scalar potential (|3.5p and retain only two condensing gauge groups and 
operators of mass dimension 6, thus neglecting gluon condensates. Another point of view is that we 
have assumed that the dilaton has been stabilized by the gluonic condensation and omit its effective 
potential. Furthermore, let's take the case of small anomalous dimensions. In this case the general 
form of an effective potential becomes 

"<*> = -(#)*'+i* , -£+ B & <»> 

where labels 1, 2 correspond to two different condensing groups, and only one of them is allowed to 
couple to h 2 , B is an order 1 coefficient, M = Aj/y and the phases of the two chiral condensates 
have been chosen in a convenient way. Lets us assume that the chiral condensation scale equals 

Al— loop' 

A = Me- s/{Mb) . (5.2) 

The Higgs potential has an approximate scale symmetry broken by A2 term where the modulus s 
shifts under the symmetry transformation, i.e. h(x) — > ah(ax) and s(x) — > s(ax) — 2/3 MMog(cr). 

1 3s 

The scale invariant kinetic term for s would be ^dUdll, with U = Me~^Mb . However, the modulus 
in question is not a dilaton, so taking a non-invariant canonical kinetic term for s seems to be more 
appropriate. Substituting |5.2l into l5.1l one finds a nontrivial potential for both s and h. The question 
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is whether one can generate this way a suitable spectrum of masses, stable under perturbative 
corrections. The point is that s and h would mix, and both mass eigenstates will couple to fermions, 
and gauge bosons in a higgs-like manner and additionaly via "anomalous" couplings ~ sF 2 if s is 
an universal modulus which couples to visible gauge fields as well. 
The model can be solved exactly. One finds a minimum at 

, 9 2M 2 L? 6i6 2 , fBbi 1 \ , , 

< " 2 >- -ir< < ° > = M w^T) log Uttta) • (5 ' 3) 

In the above one needs to take h > b 2 and B > A/(l + A) and L lj2 = e" s ^ Mbl ' 2 \ Obviously, to 
obtain large hierarchy one needs 61,2 close to each other, as in the super symmetric racetrack models. 
This means that in models with hierarchy L\ ~ L 2 . One can find the mass eigenvalues which are 

ml = L\m\, m\ = AM 2 L\. (5.4) 

Now, if we want to give the electroweak gauge bosons a mass through the vev of h, we need 

< h 2 >= 2M 2 L 3 /A = (246 GeV) 2 . (5.5) 

Obviously, it is possible to identify the eigenstate of the larger mass mi with the Higgs particle seen 
at 125 GeV while keeping A small. This implies 

A = 0.13 and L x = HT 11 . (5.6) 

When one identifies the ultraviolet scale M with the Planck scale, one finds m 2 = 1.25 x 10~ 5,5 eV. 
The identification of m 2 with the Higgs mass of 125 GeV would require a large value of A, since 
the ratio of the two masses would need to obey the constraint m\jm\ = 2h\\ = (125/246) 2 , which 
requires a large value of A to cancel the hierarchy factor L\ . On the other hand, one could lower 
the scale M and make the hierarchy smaller, to obtain a smaller, more natural, A. Thus the model 
has a clear prediction: it can account for the observed Higgs mass and for the correct electroweak 
breaking, but the price to pay is a very light scalar in the spectrum which couples "anomalously" 
to visible gauge bosons. 

5.1 Perturbative corrections to the mass hierarchy 

Since there is a very light state in the spectrum, one needs to consider 1-loop corrections to the 
scalar potential. We take into account Higgs and top quark loops. Their contribution is as follows 



Vi-i(h, s) = -L ((3A/1 2 - 2M 2 L?) 2 log ((3A/i 2 - 2M 2 L\)/Q 2 ) - Ayfh 4 log {y 2 t h 2 /Q 2 )) , (5.7) 



where yt is the top quark Yukawa coupling and Q is the renormalization scale. Obviously this 
correction will not affect significantly the mass of h (that is mi) but it could introduce corrections 
to the light mass m 2 . To see the scale of these corrections it is sufficient to find the derivatives of 
Vi_; wrt s. One finds 

= dk M3L? (1 + 21 ° g ( 4L ' M2 ^ 2 )) • ( 5 - 8 ) 
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This should be compared to the derivative of the tree level potential 

= + l/A) - **>£l*. (5.9) 

It is clear that we can minimize the 1-loop correction by choosing the the perturbative renormaliza- 
tion scale Q 2 ~ M 2 L\ ~ Xv 2 . In this case only numerical coefficients will be changed with respect to 

the tree-level results. In particular, the 1-loop correction to m\ is <5i_;m| = M b t x ■ Corrections 

coming from the the SM gauge bosons are propotrional to log(^) which is not large in the present 
case, hence they do not modify the overal picture. 

Hence, in this case one can built and extended Higgs sector with a large hierarchy between scalar 
mass eigenstates, which allows to make the lighter state much smaller than 100 GeV. This hierarchy 
can be understood as the result of an approximate scale invariance of the effective potential. 

5.2 Operators of mass dimension 4 

Let us consider for comparison with the previous case the following scalar potential 

A?\ ,2 , ^z,4 A 4 



v{h) = ~ [m) h + i h ~ Ai+ m - (5 - 10) 

Here one easily finds a minimum at < h? >= 2M 2 L\/\ and s given by Af/61 = Bk\jb2- The scalar 
mass eigenstates are 

ml = AL\M 2 , m 2 2 = l6 b \~ b2 LjM 2 . (5.11) 

1 O2 

Here the hierarchy of mass eigenstates is rather mild, m<ijm\ ~ \fL\- 



5.3 Higher dimension operators 

Let' consider a more general potential 

V(s, h) = -M 2 h 2 L\ +1 + - M 4 (Af +71 - Bkf + ^), (5.12) 

with pi > 6. In the equation V s = the second term above can be omitted to a good approximation in 
comparison to the first one. The creation of the minimum with the first two terms (after changing 
the sign in the second one) doesn't work, since it would imply M ~ Ai. However, one finds a 
minimum at 



A M (pa + 72)61 - (6 + 27)62 V (6 + 27)62 

Now, a trivial option is to build a hierarchy with the help of a large logarithm, which amounts to a 
large tuning. The alternative option is to rely on the smallnes of a denominator in the solution for 
s, which means 

p 2 + 72~(6 + 2 7 )^. (5.14) 
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The mass eigenstates of the mass matrix are 

m 2 =AM 2 L\ + \ rnl = ^^M 2 L\ +2 \{p 2 + y 2 )h - «i + 2~,)fc 2 ). (5 1.5) 



One can see, that here the m\ ~ mfL^ +7 ((p2 + 72)^1 — (6 + 27)62)7(6162). The term in paranthesis 
is small if the L\ is small, hence the hierarchy of the mass eigenvalues may be large. This is 
unaffected by 1-loop corrections if the renormalization scale is properly chosen: Q ~ 4L^ +7 M 2 . 
Up to corrections coming from the anomalous dimensions once one arranges for a large hierarchy 
between M and A x , one finds an approximate scale symmetry of the potential broken only by the 
departure of ^2/^2 from 6/61. Again, if one wishes to identify one of the eigenstates with the 125 
GeV Higgs particle, it should be the heavier one. In the opposite case 

ml = , 2L 3 +7 (3 + 7)^2 + 72)6!- (6 + 2 7 )6 2 ) ^ 
and one needs to abandon the hierarchy between M and v. 

5.4 Coupling of the pseudogoldstone scalar to gauge bosons and fermions 

The leading dependence of the couplings of the modulus s to the gauge bosons and fermions can be 
read from the expressions for < h 2 >. Using the popular low energy parametrization 

C = ^D^D^v 2 (l + 2a^ + 6(^) 2 + ...) - m q qq (l + c q ^j , (5.17) 



one finds a = c, 6 = 2a 2 and 



In fact, there is a mixing between the eigenstates of the mass matrix, but as long as L\ <C 1, the 
mixing angle is very small. 



6 Summary 

In this paper we have explored basic features of the assumption that the mass scale of the pertur- 
bative sector responsible for the spontaneous symmetry breaking is generated dynamically out of 
a large UV mass scale. We have assumed that in addition to an elementary scalar there exists an 
additional scalar, a modulus, which controls the dynamical hierarchy of scales, like in the case of 
supersymmetric gaugino condensation. This modulus can be indentified with a dynamical degree of 
freedom setting the high energy cut-off scale M. We have found an approximate scale symmetry of 
the effective Higgs sector which is related to the dynamical hierarchy of scales. Generically, there 
appears a light degree of freedom which couples to gauge bosons and to light fermions. The cou- 
plings of this scalar are different from those of the dilaton of the exact scale invariance. Although no 
specific microscopic realization has been given, a number of general features of such a scenario has 
been enumerated. The basic difference with respect to the scenarios based on exact scale invariance 
is that the scaling-like symmetry is from the start only approximate and restricted to the effective 
Higgs sector, at low energies it is broken by dynamically generated mass scales. 
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